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1 INTRODUCTION 
Polymer Electrolyte Fuel Cells (PEFCs) have many 
opportunities as power sources within a variety of 
markets, ranging from handheld portable electronics 
to large stationary combined heat and power systems 
(Sharaf & Orhan 2014; Piela & Mitzel 2015).  One 
of the largest opportunities is the transport sector, 
where government and industry are already working 
towards decarbonisation in the face of climate 
change (Prins et al. 2010). 
However, PEFC systems are yet to reach full 
commercialisation, largely due to major hurdles in 
fuel infrastructure, system cost, and lifetime durabil-
ity.  Different aspects of research and industry are 
working to overcome these drawbacks.  New infra-
structure for charging battery electric vehicles 
(BEVs) has shown a working framework, which 
could similarly be applied in the deployment of hy-
drogen refuelling stations (Thomas 2009).  To be 
technologically competitive PEFC system costs need 
to be comparable to traditional power plant technol-
ogies, i.e. 30 $kW-1 (Transactions & Society 2007).  
This is largely a materials approach, including Pt-
loading and carbon nano-structures, and is likely to 
decrease with further development and manufactur-
ing effort. 
The durability of PEFC systems under automo-
tive operating conditions remains a working objec-
tive.  Fuel cell vehicles are required to perform and 
survive comparably to internal combustion power-
trains; nominally 5000 hrs total lifetime, or 150,000 
mi equivalent usage, without a 10% drop-off in out-
put (Garland et al. 2012). 
Automotive applications for PEFC systems are 
expected to introduce a wide range of operating 
conditions.  Rapid start-up and load cycling is im-
posed freely in automotive driving, as well as vari-
ous environmental conditions (-40 to +40 oC for ex-
ample).  Unfortunately, at present, the best 
demonstration projects are only reporting up to 2500 
hrs, showing room for significant improvement 
(Wipke et al. 2012). 
Prognostics and Health Management (PHM) of-
fers a solution to this issue.  PHM is a set of tech-
niques to assess performance, diagnose faults, pre-
dict remaining useful life (RUL), and make control 
decisions to enhance lifetime durability.  This pro-
ject aims to develop a PHM system for PEFC sys-
tems, through the diagnosis-oriented model present-
ed herein. 
Output performance of a PEFC is quantified in 
the voltage generated, and can be modelled as a 
function of the current drawn by the external load as 
given in equation 1(Jouin et al. 2016): 
 






−⋅+
⋅−




 +
⋅−=
max
0
1ln
ln
i
iB
ri
i
ii
Fn
RTEE
C
cell
loss
rev a
 (1) 
where E is the cell voltage, Erev is the theoretical re-
versible voltage, R the universal gas constant, T the 
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temperature, n the reaction charge number, α the 
charge transfer coefficient, F the Faraday constant, i 
the current density, iloss the hydrogen crossover cur-
rent, i0 the reaction exchange current, rcell the inter-
nal cell resistance, BC is an empirical parameter tak-
ing into account water and gas accumulation, and 
imax the limiting cathode current. 
This expression gives the output of the PEFC un-
der steady state conditions (temperature, pressure, 
concentration, etc.) and does not take into account 
any losses due to damage.  It is difficult to apply this 
model in dynamic loading situations, as in automo-
tive power, because of the inability to accurately 
measure internal concentrations and current densities 
in this situation. 
Mathematical modelling is made all the more 
complex when considering degradation behaviour of 
the fuel cell also.  Damage to the polymer electrolyte 
membrane, Pt-catalyst particles, or carbon diffusion 
electrodes will decrease voltage output throughout 
the PEFC’s lifetime.  Thus, a fuzzy description of 
fuel cell degradation behaviour has been conceived. 
This paper details the developments made to a 
fuzzy diagnostic model of the PEFC.  This calls for 
an understanding of the operational conditions caus-
ing component degradation.  In the second part of 
the paper the experimental set up is discussed, along 
with initial validation results. 
2 DIAGNOSIS 
The goal of the diagnostic process is to inform the 
operator and control system when a fault is occur-
ring, and how severe the damage is to ongoing sys-
tem output.  This information will allow said parties 
to assess system health, and decide on alterations to 
future usage. 
As in most health management methods, the first 
process is to compare observed system variables to 
the reference values expected for the same operating 
conditions.  Whilst fuel cell design and experimental 
validation provides a suggested operation point in 
terms of temperature, stoichiometry, electronic load, 
among others, functional use will exert the PEFC to 
many off-design conditions.  The resulting differ-
ence is a residual between optimal and potentially 
faulty operation. 
The calculated residual gives an indication that a 
fault of some nature is occurring; a detection that the 
PEFC is performing in off design conditions.  This 
may be sufficient for control systems to alter inputs 
and realign with designed use, or to alert the user 
that a fault has occurred. 
The next stage process is to diagnose the cause of 
the reduced performance.  Commonly this is calcu-
lated through mathematical models, when the system 
process is well known.  In the case of PEFC electro-
chemistry, the system processes are more complex, 
and some parameters are not measurable outside lab 
conditions.  This is where fuzzy logic provides the 
solution to the diagnostic problem. 
Fuzzy modelling applies expert knowledge to the 
PEFC system; where experimental observations hold 
more information than can be successfully expressed 
mathematically.  The fuzzy model is a system of IF-
THEN statements which describe the relationship 
between observable external variables and the in-
ferred internal workings of the fuel cell.  This does 
require understanding of the degradation processes, 
as described in the following section. 
2.1 PEFC degradation 
Among the many components of the PEFC, the most 
important to safe and efficient operation is the mem-
brane electrode assembly (MEA), shown in figure 1.  
The MEA is the central part of the fuel cell reaction; 
it governs the transport of reactants, defines the in-
ternal cell resistance, and supports the catalytic reac-
tion sites.  The MEA is also the most expensive 
component in the construction, so management of 
this component’s durability will have lifetime cost 
implications. 
The MEA is constructed of the polymer electro-
lyte membrane, Nafion being the most popularly 
employed in PEFCs, the platinum catalyst nanopar-
ticles, supported on carbon micro-structures, and a 
gas diffusion electrode (GDE) backing, commonly a 
carbon-based cloth.  Each of these materials has dif-
ferent mechanisms and conditions for degradation to 
occur. 
The Nafion membrane is most susceptible to me-
chanical and chemical breakdowns of the polymer 
structure.  Mechanical stresses arise from the physi-
cal clamping within the fuel cell construction, and 
can be accelerated as the membrane changes size  
Figure 1: Components of the PEFC stack 
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with water absorption.  Chemical attacks come from 
hydroxide radical attacks, notably arising from open 
circuit voltage (OCV) operation. 
The platinum catalyst is distributed as nanoparti-
cles to maximise surface area, however they are 
known to agglomerate to decrease their surface en-
ergy state.  This has the secondary effect of reducing 
the surface area available for reaction.  Catalyst re-
action area can also be reduced by surface oxide 
formation.  Both these degradation modes are caused 
by excess humidity, and operation at cyclical, high 
or open circuit voltages. 
The carbon materials in the PEFC are largely as-
sociated with diffusion processes.  This means the 
pores within the GDE can become blocked by liquid 
water, despite hydrophobic treatment, especially 
during high humidity operation.  The carbon materi-
als can also be directly consumed by the anode reac-
tion during fuel starvation conditions. 
Water management is also vitally important to the 
PEFC reaction; the polymer membrane must be fully 
hydrated for optimal charge transfer.  This means 
water is often introduced to the fuel cell in the gas 
supply, as well as being produced by the hydrogen-
oxygen reaction itself.  This does however mean that 
an excess of liquid water in the gas diffusion materi-
als can occur, blocking pathways to reaction sites.  
Water balance is a function of the amount of water 
introduced in humidification and as a reaction prod-
uct, as well as the cell temperature. 
2.2 Fuzzy diagnostic model 
The previous section describes the most pertinent 
degradation modes and their causes.  This is a quali-
tative analysis, and this is where the fuzzy logic 
functions.  The rules system is able to take the lin-
guistic description of variables and degradation se-
verity, and apply these to the measured PEFC sys-
tem. 
Table 1 gives the rules base for the PEFC diagno-
sis.  This gives an indication of the likelihood of any 
one degradation mode being the cause of perfor-
mance drop off.  These rules use a small set of in-
puts, meaning fewer sensor measurements required.  
Cell temperature and voltage are relatively simple to 
measure, whilst gas humidity is the most expensive  
 
Table 1: Simplified diagnostic rules base 
IF          THEN 
Open circuit operation   Membrane chemical breakdown 
Humidity cycling quickly Membrane mechanical stress 
Voltage cycling (range  Catalyst dissolution increase 
 0.7 to 1.2 V) 
Fuel supply decreases   Carbon support corrosion 
Temperature low OR    Flooding event rate increases 
 feed humidity increases  
 OR current load high   
Temperature high OR   Membrane dehydration increases 
 feed humidity decreases  
sensor requirement.  This should keep the overall 
cost of the diagnostic package low, so as not to in-
flate the PEFC system cost. 
In addition to selecting which degradation mode is 
in action, the diagnostic model makes a severity as-
sessment.  This is through comparison to the steady-
state equation 1 as a residual against a reference 
voltage performance.  Though the steady-state equa-
tion was said to be too simplistic for full diagnosis, it 
is this simplicity which allows quick computation of 
an expected output. 
Severity is also modelled using fuzzy logic; pure-
ly based on voltage performance.  Table 2 gives 
these severity thresholds, diverging from the refer-
ence value, and in keeping with the DoE lifetime du-
rability target of less than 10% loss. 
3 EXPERIMENTAL 
3.1 Test rig 
All tests were carried out on a 100 cm2 Pragma 
PEFC, single cell, which includes 7-fold serpentine 
gas flowfields.  Gas supplies are air at the cathode 
and hydrogen at the anode, with a nitrogen purge for 
start-up/shut-down protocols.  In addition to the gas 
feeds, the fuel cell has an internal water circuit for 
heat management. 
Tests were carried out using purpose designed 
control and monitoring software.  A standard proce-
dure has been followed for cell start-up and condi-
tioning (Piela & Mitzel 2015). 
3.2 Water management 
The chosen method, for inducing a degradation 
state and the diagnosis thereof, was to vary stack 
temperature under constant loading conditions.  This 
has the effect of changing water balance in the cell, 
creating either flooding or dehydration states.  
Thermal cycling is thought to be representative of 
the environmental conditions expected in automotive 
usage. 
Base performance was established with steady 
state conditions; stack temperature at 60 oC, both 
hydrogen and air supplies humidified to 30 oC dew 
point, and cell voltage at 0.65 V (20 A loading).  
This humidity level is relatively low for optimal per-
formance, though better suited to the temperature 
ranges for the following procedures. 
 
Table 2: Degradation severity rules base 
IF          THEN 
Voltage drop is 0 – 1 %  Non-severe 
Voltage drop is 1 – 3 %  Low severity 
Voltage drop is 3 – 5 %  Medium severity 
Voltage drop is 5 – 10 %  High severity 
Voltage drop is 10 + %  Severity warning 
Figure 2: Diagnostic results for flooding test 
 
Flooding tests were initiated by reducing stack 
temperature.  This was controlled by reducing the 
temperature of the coolant water circuit.  After a few 
minutes the stack temperature would drop to 20 oC.  
At the lower temperature, water is more likely to 
condense within the flow fields and GDE, blocking 
the gas diffusion, and inducing mass transport loss-
es.  Depending on the scale of the flooding event, 
this may be a purely localised gas starvation, or 
more homogenously across the active area; this dis-
tinction is not yet possible in the diagnostic system. 
Dehydration states were achieved through the re-
verse process; increasing the stack temperature be-
yond the dew point temperature.  This implies the 
PEFC is operating in negative water balance, losing 
more in the exhaust than is being introduced or cre-
ated. 
4 RESULTS AND DISCUSSION 
4.1 Flooding event 
The first fault experimentally diagnosed is for flood-
ing events; the accumulation of liquid water in the 
gas diffusion media.  Figure 2 presents the experi-
mental results obtained for the test; cell temperature  
Figure 3: Diagnostic results for dehydration test 
 
is reduced as time progresses. 
At the beginning of the experiment, with tem-
perature and current loading held constant, voltage 
output was stable.  The fuzzy logic response for 
flooding was therefore constant and low (a small 
positive response is seen thanks to stack temperature 
being bellow the design value of 60 oC).  Together 
with is the small variance between measured and 
reference voltage gives a low severity degradation 
state. 
The line representing the flooding diagnosis 
shows good response to the temperature change.  
Predicted likelihood of flooding events increases as 
temperature decreases.  The response ramps up 
quickly, approaching the defined dew point tempera-
ture, and again as temperature drops even further.  
By the end of the test, flooding is almost certainly 
predicted by the diagnosis. 
Voltage output is seen to decrease with tempera-
ture change.  This is expected; temperature is fun-
damental to the PEFC reaction mechanisms, as seen 
in equation 1.  The voltage does however diverge 
from the reference value, calculated by this equation 
implying addition mass transport losses due to liquid 
water presence. 
Severity response increases from the none- to the 
low severity case as the measured voltage decreases.  
The result is informing the operator that flooding 
events are likely to be occurring in the fuel cell, with 
minimal impact to the performance; action should be 
taken to increase stack temperature, before flooding 
becomes more damaging to the PEFC. 
 
4.2 Dehydration 
The second experiment is for membrane dehydra-
tion.  Figure 3 presents the time progression for the 
test, as cell temperature is increased beyond the gas 
supply dew point. 
Under this test, the fuzzy logic threshold for de-
hydration conditions was set purposefully low, com-
pared to the design operation temperature.  One limi-
tation of the test environment is in how much heat 
the PEFC is able to generate.  Nonetheless, increas-
ing the stack temperature beyond dew point will in-
duce low humidity conditions. 
As with the flooding response previously, the 
fuzzy diagnostic response is quick to acknowledge 
the high temperature conditions.  This infers the ca-
pacity for membrane dehydration.  Membrane dehy-
dration does however take several minutes of con-
sistently hot and dry operation to cause noticeable 
effect to the fuel cell conductivity, so the diagnosis 
should be combined with the severity monitor. 
Stack voltage increases with temperature, in 
keeping with the analysis of equation 1.  There is 
however no divergence from the reference voltage 
during the progression of this test.  Dehydration of 
the membrane will take longer to manifest as output 
degradation, and so this is not seen in the voltage 
measurement.  In further testing, the dehydration 
conditions should be maintained for longer to allow 
more severe degradation, and a resolute validation. 
5 CONCLUSIONS 
An approach to diagnosis of common PEFC degra-
dation modes is proposed herein, utilising fuzzy log-
ic.  The linguistic rules base to this monitoring sys-
tem is built on expert understanding of accelerated 
conditions for common degradation modes.  The 
goal of this diagnostic model is to provide real-time 
response to degradation phenomena, forgoing tradi-
tional discrete tests, and allowing operators and con-
trol systems to intelligently maintain PEFC perfor-
mance. 
The fuzzy diagnostic model is validated experi-
mentally on a single cell PEFC test rig.  Although 
this is a smaller, low power PEFC than would be 
used in automotive applications, the degradation 
phenomena are notably present in all scales of the 
technology.  Functions of the fuzzy logic diagnosis 
can be extrapolated to larger power plants, taking in-
to account different degradation rates where appro-
priate. 
Experimental tests are run to stimulate water 
management difficulties, namely flooding and mem-
brane dehydration, a common occurrence in dynam-
ic applications.  The fuzzy logic system responded 
rapidly to changing operational conditions, although 
the potential rate of degradation could be better 
modelled for slow evolving modes. 
Future work will continue to validate the diagno-
sis of other degradation modes, as well as tuning the 
response rate to better reflect PEFC dynamics.  
Building on this, control responses will be devel-
oped to restore optimal conditions, mitigate further 
degradation damage, and manage dynamic opera-
tion. 
6 ACKNOLEDGEMENTS 
This project is supported by the Engineering and 
Physical Science Research Council (grant number 
EP/L015749/1). 
REFERENCES 
Garland, N.L., Papageorgopoulos, D.C. & Stanford, 
J.M., 2012. Hydrogen and Fuel Cell 
Technology: Progress, Challenges, and Future 
Directions. Energy Procedia, 28, pp.2–11. 
Jouin, M. et al., 2016. Degradations analysis and 
aging modeling for health assessment and 
prognostics of PEMFC. Reliability Engineering 
& System Safety, 148, pp.78–95. 
Piela, P. & Mitzel, J., 2015. Polymer electrolyte 
membrane fuel cell efficiency at the stack level. 
Journal of Power Sources, 292, pp.95–103. 
Prins, G. et al., 2010. The Hartwell Paper. 
Sharaf, O.Z. & Orhan, M.F., 2014. An overview of 
fuel cell technology: Fundamentals and 
applications. Renewable and Sustainable 
Energy Reviews, 32, pp.810–853. 
Thomas, C.E., 2009. Fuel cell and battery electric 
vehicles compared. International Journal of 
Hydrogen Energy, 34, pp.6005–6020. 
Transactions, E.C.S. & Society, T.E., 2007. DOE 
Fuel Cell Program: Durability Technical 
Targets and Testing Protocols N. L. Garland*. 
ECS Transactions, 11(1), pp.923–931. 
Wipke, K. et al., 2012. National Fuel Cell Electric 
Vehicle Learning Demonstration Final Report 
National Fuel Cell Electric Vehicle Learning 
Demonstration Final Report. NREL / DoE, 
(July). 
 
